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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The most widely used military aircraft in existence today, the Lockheed Martin F-16 Falcon, has provided a standard baseline for 
small fighter jet lifecycle structural integrity studies.  Due to the high stress environment of combat flight, the lifecycle analysis 
of the F-16 provides key insight into design considerations for future aircraft. The United States Air Force is already using the 
analysis done on the F-16 Falcon on newer fighter aircraft such as the Lockheed Martin F-22 and F-35 to carry over the lessons 
learned from this very successful programme. In this analysis, real-life data ollected from twenty years of the Air Force’s 
Aircraft Structu al Integrity Program (ASIP) is reviewed to highlight th  most important advances in the structure of F-16. In 
ord r to focus on the most stre sed part of th aircraft, the analysis is only done on the wings. First, the F-16 crack databas  
(CIRE) is reviewed to find the most common locations on the wing where cracking occurs. Next, certain exceptional cases are 
considered in order to understand unusual behavior. T en, the most detrimental cracks are analyzed to discuss potential risks if 
minimal repairs are done. After this, the design repairs for permanently reversing and preventing future cracks are reviewed to 
show effectiveness. Finally, predictions are made on the lifecycle and future areas of structural concern for the F-16 wing. 
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1. Introduction 
A common story about the F-16 Falcon fighter jet is the first flight on 20 January, 1974. The test pilot 
experienced some difficulties with the roll control that caused the plane to respond too strongly. As a result, the 
plane rolled so much during take-off that the left horizontal stabilizer actually hit the runway. 
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The pilot was able to recover control of the airplane and keep the program from possible failure and cancelation. 
In the long run, this proved to be quite a success story because there were over 4,500 F-16’s built and several 
production lines in the U.S., Turkey, Israel, Belgium, Korea and India which are manufacturing the fighter today. 
Due to the long history of F-16’s and the completeness of their structural failure data over the years, it has 
become a standard baseline for small fighter jet lifecycle studies. An initial lifecycle of 4,000 hours was assigned to 
the F-16 based on its low margin of safety factors at key stress points in the wing. A routine maintenance schedule of 
500 hours limits the potential of cracks to cause failure. However, due to increased demands and continual 
improvements to the structure, most F-16’s are still operating at 4,500 hours and are intended to last until 2050.  
Since the number of flight hours has gone beyond original projections, the structural integrity has to be intensely 
monitored. The United States Air Force maintains their aging aircraft through the Aircraft Structural Integrity 
Program (ASIP). This office records their crack findings and other fractures in the CIRE database in order to address 
recurring areas of failure. Based on their research, they offer recommendations for repairs and provide valuable 
insight into the maintenance considerations of future fighter aircraft such as the F-22 and F-35. 
The focus of this research was to catalog the key fracture areas on the most stressed part of the aircraft, the wing. 
All of the fractures occur in areas with very low margins of safety which signifies a high potential for failure of the 
wing. Thus, these areas require the most in-depth review for proper repair. However, to provide a proper repair, the 
three main areas of failure on the wing need to be analyzed for the causes of these cracks. The three key areas are the 
wing tip rib, the upper skin of the wing, and the #5 internal spar vent holes. The repairs for these areas are also 
reviewed to show their effectiveness. Using all of this data, it is possible to better predict the failure points of aging 
aircraft and design better structures to prevent these failures. 
2. Problem Setup 
2.1. Material Structure 
The F-16 was designed without much use of titanium or other high strength, more expensive metals in order to 
reduce costs. Thus, most of the structure is aluminum alloy, either 2024 or 7475. Some other components are steel 
and even composite. From a maintenance perspective, the metallic structure is easier to service and repair. Usually, 
repairs do not require a complete replacement of parts but rather basic sheet metal work to increase the strength of 
the area around the cracks. Favorable results have been shown that these repairs extend the life of the aircraft but can 
easily cause fractures to appear in other areas. 
The wing structure was designed to be mostly composed of spars with four main rib sections. The root rib has 
attachment points for all of the 10 internal spars and the trailing edge spar. The BL 71 rib section has individual ribs 
that connect between each individual spar and provide fuel ports for refueling and dumping. The BL 157 rib section 
only connects the number 9, 10 and trailing edge spars together and then has an extension out to the wing tip rib. 
Armaments are attached to the Falcon along the BL 71, BL 157 and wing tip ribs. All of this substructure is exposed 
to JP-8 jet fuel and is therefore anodized to prevent corrosion. Unfortunately, because of the air tight seal of the 
inner wing box structure, cracks in this area are extremely hard to find unless the wing skins are removed.. 
2.2. Stresses 
The wings experience constantly shifting loads inherent with changing inner fuel levels and flight configurations. 
Thus, the stresses on the wings vary greatly during flight. Manufacturer Lockheed Martin generally uses an assumed 
mode of failure in its calculations of stresses to show margin of safety. For the wing, these margins of safety 
calculations are limited to only the areas where failure would occur first. The upper skin is assumed to be loaded in 
compression which mostly focuses on buckling or bolt shear failure. Meanwhile, the lower skin mostly undergoes 
tension forces which cause inter-fastener shear out and cracking. For the interior spars and ribs, shear flow is 
assumed to be the cause of failure along the C beam profiles. In general, all parts of the wing box have an area with 
a margin of safety within +0.01 of failure due to the complexity of the loading. The locations of fractures from the 
CIRE crack database concur with these areas of failure. Three key failure areas are examined: the wing tip rib, #5 
spar vent holes and the wing upper skin. 
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The pilot was able to recover control of the airplane and keep the program from possible failure and cancelation. 
In the long run, this proved to be quite a success story because there were over 4,500 F-16’s built and several 
production lines in the U.S., Turkey, Israel, Belgium, Korea and India which are manufacturing the fighter today. 
Due to the long history of F-16’s and the completeness of their structural failure data over the years, it has 
become a standard baseline for small fighter jet lifecycle studies. An initial lifecycle of 4,000 hours was assigned to 
the F-16 based on its low margin of safety factors at key stress points in the wing. A routine maintenance schedule of 
500 hours limits the potential of cracks to cause failure. However, due to increased demands and continual 
improvements to the structure, most F-16’s are still operating at 4,500 hours and are intended to last until 2050.  
Since the number of flight hours has gone beyond original projections, the structural integrity has to be intensely 
monitored. The United States Air Force maintains their aging aircraft through the Aircraft Structural Integrity 
Program (ASIP). This office records their crack findings and other fractures in the CIRE database in order to address 
recurring areas of failure. Based on their research, they offer recommendations for repairs and provide valuable 
insight into the maintenance considerations of future fighter aircraft such as the F-22 and F-35. 
The focus of this research was to catalog the key fracture areas on the most stressed part of the aircraft, the wing. 
All of the fractures occur in areas with very low margins of safety which signifies a high potential for failure of the 
wing. Thus, these areas require the most in-depth review for proper repair. However, to provide a proper repair, the 
three main areas of failure on the wing need to be analyzed for the causes of these cracks. The three key areas are the 
wing tip rib, the upper skin of the wing, and the #5 internal spar vent holes. The repairs for these areas are also 
reviewed to show their effectiveness. Using all of this data, it is possible to better predict the failure points of aging 
aircraft and design better structures to prevent these failures. 
2. Problem Setup 
2.1. Material Structure 
The F-16 was designed without much use of titanium or other high strength, more expensive metals in order to 
reduce costs. Thus, most of the structure is aluminum alloy, either 2024 or 7475. Some other components are steel 
and even composite. From a maintenance perspective, the metallic structure is easier to service and repair. Usually, 
repairs do not require a complete replacement of parts but rather basic sheet metal work to increase the strength of 
the area around the cracks. Favorable results have been shown that these repairs extend the life of the aircraft but can 
easily cause fractures to appear in other areas. 
The wing structure was designed to be mostly composed of spars with four main rib sections. The root rib has 
attachment points for all of the 10 internal spars and the trailing edge spar. The BL 71 rib section has individual ribs 
that connect between each individual spar and provide fuel ports for refueling and dumping. The BL 157 rib section 
only connects the number 9, 10 and trailing edge spars together and then has an extension out to the wing tip rib. 
Armaments are attached to the Falcon along the BL 71, BL 157 and wing tip ribs. All of this substructure is exposed 
to JP-8 jet fuel and is therefore anodized to prevent corrosion. Unfortunately, because of the air tight seal of the 
inner wing box structure, cracks in this area are extremely hard to find unless the wing skins are removed.. 
2.2. Stresses 
The wings experience constantly shifting loads inherent with changing inner fuel levels and flight configurations. 
Thus, the stresses on the wings vary greatly during flight. Manufacturer Lockheed Martin generally uses an assumed 
mode of failure in its calculations of stresses to show margin of safety. For the wing, these margins of safety 
calculations are limited to only the areas where failure would occur first. The upper skin is assumed to be loaded in 
compression which mostly focuses on buckling or bolt shear failure. Meanwhile, the lower skin mostly undergoes 
tension forces which cause inter-fastener shear out and cracking. For the interior spars and ribs, shear flow is 
assumed to be the cause of failure along the C beam profiles. In general, all parts of the wing box have an area with 
a margin of safety within +0.01 of failure due to the complexity of the loading. The locations of fractures from the 
CIRE crack database concur with these areas of failure. Three key failure areas are examined: the wing tip rib, #5 
spar vent holes and the wing upper skin. 
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3. Key Failure Areas 
3.1. Wing Tip Rib 
The BL 180 wing tip rib is designed for carrying an AIM 9 Sidewinder Air-to-Air missile (85.3 kg). However, it 
frequently will be overloaded with an AIM-7 Sparrow Air-to-Air missile (230 kg). The result is a common edge 
surface shear load crack along the two attachment extensions that bolt the wing tip rib into the #9 spar extension and 
the #10 spar extension. These extensions prevent shear failure of the wing tip rib caused by the nearly 30 cm 
deflection of the wing tip during flight. Also, since the wing is filled with fuel, the extensions help remove some of 
the load from the leading edge spar and trailing edge spar so that no cracks or gaps in the sealant can occur.  
There have been cases where the entire extension section was sheared off without complete failure of the wing 
tip. Still, in these cases, the fuel leakage rendered the aircraft in serious need of repair. Further discussion will be 
given later to the repairs used and their effectiveness. 
3.2. #5 Spar Vent Holes 
Although the internal spars are all exposed to similar loading, there is a stronger likelihood for the #5 spar to 
experience cracking. A reason for this has not been found. One possible consideration is that the #5 spar is the only 
spar where all three of the interior metal conduit tubes pass through open holes along the upright web of the C beam. 
Still, the cracking will usually occur at one of the fuel vent holes at the top of the web that allow fuel to vent 
properly inside the wing. These vent holes are different from the fuel flow holes along the bottom of the web that 
allow the fuel to actually flow between the spars. All of the spars have these fuel flow and vent holes but the #5 spar 
has a higher rate of cracking than the other spars which has not been currently understood. 
3.3. Wing Upperskin Cracks 
Compression loading on the upper skin causes inter-fastener cracking along the root rib underneath the wing 
attach fittings that join the wing to the fuselage. An original part of the design was to include compression tabs along 
the root rib edge of the upper skin. These four tabs along the root rib actually increase the compression load by 
concentrating the force at the edge. This unforeseen result makes the fastener holes crack faster and can lead to large 
cracks along the entire chord length of the wing.  
Another cause of the cracking is the wing attach fittings. The cracks appear to first form in the areas of the upper 
skin away from the 4 wing attach fittings. In these gaps between each wing attach fitting, there is less material to 
absorb the compression load which causes these areas to crack earlier. Also, since the wing attach fittings carry 
loads from the wing to the fuselage, the loading at the attachment points is more fluctuating. At the gaps however, 
the loading is almost always in compression and therefore will have transverse cracking because it does not have as 
strong of cyclic loading from compression to tension. 
4. Repair Effectiveness 
4.1. Wing Tip Rib 
The cracks in the attachment extensions of the wing tip rib were significant enough of a problem to lead to a 
complete redesign of the part. Instead of using a different design, the length of the attachment extensions was 
reduced and the thickness of the part was increased. This overhaul was chosen mostly to prevent other part redesigns 
for the leading edge spar, trailing edge spar and the #9 and #10 internal spars. The effectiveness of the repair was 
significant because the wing tip rib no longer cracks in that area. However, an adverse side effect of adding more 
material to the wing tip rib was that the overall weight of the rib section when loading with a missile was more than 
the strength of the leading edge spar and the trailing edge spar. Thus, the leading edge spar and trailing edge spar 
will now crack at the connection point to the wing tip rib. The only repair for this crack is replacement of the leading 
edge spar and the trailing edge spar. 
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4.2. #5 Spar Vent Holes 
The repair for cracked vent and fuel flow holes in the internal spars is a bathtub reinforcement that is put inside of 
the C beam to add material to the webbing. However, this repair is only usable on the outermost part of the wing 
past the BL 71 ribs. The reason that it cannot be used inboard of the BL 71 rib is because this part of the wing is not 
designed to bend. Placing stiffeners like a bathtub into the structure at this point will cause the wing to respond 
differently to the flutter excitation. Thus, since most of the cracked vent holes are inboard of the BL 71 ribs, the #5 
spar is usually replaced to avoid further cracking and potentially failure. 
4.3. Wing Upperskin Cracks 
All of the cracks along the wing upper skin are in locations where it is hard to use common sheet metal repairs 
such as bushings or splices. The cracks are continuous across multiple holes and constantly require replacement of 
the upper skin. However, a few other preventative means have been taken to lessen the occurrence of these cracks. 
First, the tabs along the root rib edge of the wing are milled off. This prevents additional loading being applied in a 
transverse plane to the wing upper skin that can greatly increase the shear loads. Second, the davis nuts used in the 
wing skin and root rib are increased in diameter up to 2nd oversize which allows for some of the smaller cracks to 
be removed and also reduces the overall stress around the fastener holes. Both methods have contributed to a 
reduction in the cracks that occur in the wing upper skin. 
5. Conclusion 
In this paper, the F-16 wing box structure was analyzed from a lifecycle sustainment viewpoint to determine key 
areas of interest for fracture and failure. Having this knowledge is not only vital to the maintenance of the most 
widely used fighter in existence today, but has great benefit for future efforts to extend the life span of other aircraft. 
From the information gathered over 40 years on cracking in the wing metallic structure, the key areas of interest for 
structural integrity are the wing tip rib, #5 spar vent holes and the wing upper skin. By looking at the locations 
where the cracks occur, it is possible to better understand the causes for these fractures and come up with the best 
possible repairs. These repairs are presented and then further reviewed to show their effectiveness. In the end, by 
compiling these repairs, it is shown that several new areas of concern are appearing as problems are slowly resolved 
by improvements in the repairs. And although it is easily possible for the F-16 to remain on track for its projected 
lifecycle until the year 2050, some additional research into the new and emerging areas of fracture is needed. 
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3. Key Failure Areas 
3.1. Wing Tip Rib 
The BL 180 wing tip rib is designed for carrying an AIM 9 Sidewinder Air-to-Air missile (85.3 kg). However, it 
frequently will be overloaded with an AIM-7 Sparrow Air-to-Air missile (230 kg). The result is a common edge 
surface shear load crack along the two attachment extensions that bolt the wing tip rib into the #9 spar extension and 
the #10 spar extension. These extensions prevent shear failure of the wing tip rib caused by the nearly 30 cm 
deflection of the wing tip during flight. Also, since the wing is filled with fuel, the extensions help remove some of 
the load from the leading edge spar and trailing edge spar so that no cracks or gaps in the sealant can occur.  
There have been cases where the entire extension section was sheared off without complete failure of the wing 
tip. Still, in these cases, the fuel leakage rendered the aircraft in serious need of repair. Further discussion will be 
given later to the repairs used and their effectiveness. 
3.2. #5 Spar Vent Holes 
Although the internal spars are all exposed to similar loading, there is a stronger likelihood for the #5 spar to 
experience cracking. A reason for this has not been found. One possible consideration is that the #5 spar is the only 
spar where all three of the interior metal conduit tubes pass through open holes along the upright web of the C beam. 
Still, the cracking will usually occur at one of the fuel vent holes at the top of the web that allow fuel to vent 
properly inside the wing. These vent holes are different from the fuel flow holes along the bottom of the web that 
allow the fuel to actually flow between the spars. All of the spars have these fuel flow and vent holes but the #5 spar 
has a higher rate of cracking than the other spars which has not been currently understood. 
3.3. Wing Upperskin Cracks 
Compression loading on the upper skin causes inter-fastener cracking along the root rib underneath the wing 
attach fittings that join the wing to the fuselage. An original part of the design was to include compression tabs along 
the root rib edge of the upper skin. These four tabs along the root rib actually increase the compression load by 
concentrating the force at the edge. This unforeseen result makes the fastener holes crack faster and can lead to large 
cracks along the entire chord length of the wing.  
Another cause of the cracking is the wing attach fittings. The cracks appear to first form in the areas of the upper 
skin away from the 4 wing attach fittings. In these gaps between each wing attach fitting, there is less material to 
absorb the compression load which causes these areas to crack earlier. Also, since the wing attach fittings carry 
loads from the wing to the fuselage, the loading at the attachment points is more fluctuating. At the gaps however, 
the loading is almost always in compression and therefore will have transverse cracking because it does not have as 
strong of cyclic loading from compression to tension. 
4. Repair Effectiveness 
4.1. Wing Tip Rib 
The cracks in the attachment extensions of the wing tip rib were significant enough of a problem to lead to a 
complete redesign of the part. Instead of using a different design, the length of the attachment extensions was 
reduced and the thickness of the part was increased. This overhaul was chosen mostly to prevent other part redesigns 
for the leading edge spar, trailing edge spar and the #9 and #10 internal spars. The effectiveness of the repair was 
significant because the wing tip rib no longer cracks in that area. However, an adverse side effect of adding more 
material to the wing tip rib was that the overall weight of the rib section when loading with a missile was more than 
the strength of the leading edge spar and the trailing edge spar. Thus, the leading edge spar and trailing edge spar 
will now crack at the connection point to the wing tip rib. The only repair for this crack is replacement of the leading 
edge spar and the trailing edge spar. 
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4.2. #5 Spar Vent Holes 
The repair for cracked vent and fuel flow holes in the internal spars is a bathtub reinforcement that is put inside of 
the C beam to add material to the webbing. However, this repair is only usable on the outermost part of the wing 
past the BL 71 ribs. The reason that it cannot be used inboard of the BL 71 rib is because this part of the wing is not 
designed to bend. Placing stiffeners like a bathtub into the structure at this point will cause the wing to respond 
differently to the flutter excitation. Thus, since most of the cracked vent holes are inboard of the BL 71 ribs, the #5 
spar is usually replaced to avoid further cracking and potentially failure. 
4.3. Wing Upperskin Cracks 
All of the cracks along the wing upper skin are in locations where it is hard to use common sheet metal repairs 
such as bushings or splices. The cracks are continuous across multiple holes and constantly require replacement of 
the upper skin. However, a few other preventative means have been taken to lessen the occurrence of these cracks. 
First, the tabs along the root rib edge of the wing are milled off. This prevents additional loading being applied in a 
transverse plane to the wing upper skin that can greatly increase the shear loads. Second, the davis nuts used in the 
wing skin and root rib are increased in diameter up to 2nd oversize which allows for some of the smaller cracks to 
be removed and also reduces the overall stress around the fastener holes. Both methods have contributed to a 
reduction in the cracks that occur in the wing upper skin. 
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In this paper, the F-16 wing box structure was analyzed from a lifecycle sustainment viewpoint to determine key 
areas of interest for fracture and failure. Having this knowledge is not only vital to the maintenance of the most 
widely used fighter in existence today, but has great benefit for future efforts to extend the life span of other aircraft. 
From the information gathered over 40 years on cracking in the wing metallic structure, the key areas of interest for 
structural integrity are the wing tip rib, #5 spar vent holes and the wing upper skin. By looking at the locations 
where the cracks occur, it is possible to better understand the causes for these fractures and come up with the best 
possible repairs. These repairs are presented and then further reviewed to show their effectiveness. In the end, by 
compiling these repairs, it is shown that several new areas of concern are appearing as problems are slowly resolved 
by improvements in the repairs. And although it is easily possible for the F-16 to remain on track for its projected 
lifecycle until the year 2050, some additional research into the new and emerging areas of fracture is needed. 
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